PET with 18 F-9-fluoropropyl-(1)-dihydrotetrabenzazine ( 18 F-DTBZ), a novel radiotracer targeting vesicular monoamine transporter type 2 (VMAT2), has been proven as a useful imaging marker to measure dopaminergic integrity. Methods: The aim of this study was to evaluate the capability of 18 F-DTBZ PET in detecting the monoaminergic degeneration in early Parkinson disease (PD) in vivo. Seventeen age-matched healthy subjects and 30 PD patients at early stage of disease (duration of disease # 5 y) with mild and unilateral motor symptoms underwent 18 F-DTBZ PET scans. The severity of disease, including Unified Parkinson Disease Rating Scale and modified Hoehn and Yahr Stage (mHY), were recorded at off-medication states. The standardized volumes of interest were applied to the spatial normalized image for quantification analysis. The specific uptake ratios (SURs) were calculated according to the formula (specific volumes-of-interest counts/occipital cortex counts) 2 1. SUR measurements were summarized for each brain region. Results: The mean duration of disease in the PD group was 3.2 6 2.1 y (range, 0.5-5 y). The mean mHY was 1.0 6 0.1 (range, 1-1.5). The SURs of bilateral caudate, anterior putamen, posterior putamen, substantia nigra, and nucleus accumbens were significantly lower in PD patients than those of healthy subjects. The reduction of SURs was most severe in the contralateral (the brain regions that are located opposite to the symptomatic side) posterior putamen (281%), followed by the ipsilateral posterior putamen (267%). Receiver-operating-characteristic curve analysis showed that the SURs of the bilateral posterior putamen and contralateral anterior putamen had a sensitivity of 100% and specificity of 100% in differentiating PD patients from healthy subjects. Conclusion: 18 F-DTBZ PET was as an excellent tool for the early diagnosis of PD. The obvious decline of 18 F-DTBZ uptake in the ipsilateral (asymptomatic) striatum suggested that 18 F-DTBZ PET might serve as an in vivo biomarker to detect the monoaminergic degeneration in the premotor phase of PD.
Par kinson disease (PD) is the second most frequent neurodegenerative disorder after Alzheimer disease in the elderly population, affecting between 0.5% and 1% of the population aged 65-69 y and increasing to 1%-3% of the population over 80 y of age (1, 2) . The 4 cardinal motor symptoms of PD include resting tremor, rigidity, bradykinesia, and postural instability. The underlying pathologic finding in PD is the progressive loss of dopaminergic neurons in the substantia nigra (SN) and other monoaminergic cell groups in the brain stem (3) . The current diagnosis of PD is based on the clinical symptoms and a favorable response to levodopa therapy. Several proposed clinical criteria have been established (4, 5) . However, the misdiagnosis rates are as high as 20%-30% in early stages (6, 7) .
For early diagnosis and further management, practical laboratory assistance is required. Various objective measures have been suggested in the diagnosis of PD, including the olfactory function, electrophysiologic, and neuropsychologic tests (8) . However, the most developed area in terms of providing an objective assessment is neuroimaging (9) . Functional neuroimaging methods, such as PET and SPECT with various radioactive tracers (radioligands), can provide quantitative assessment of the dopaminergic system.
Presynaptic nigrostriatal neurons can be imaged by assessment of the activity of aromatic-amino-acid decarboxylase (AADC), dopamine transporter (DAT), and vesicular monoamine transporter 2 (VMAT2). VMAT2 is a specific presynaptic protein involved in the transport of monoamines from cytosol to storage vesicles of monoaminergic nerve terminals. VMAT2 density is linearly related to the integrity of SN dopamine neurons (10, 11) . In the early stage of PD, AADC that controls dopamine synthesis is upregulated. DAT that controls the reuptake of synaptic dopamine is downregulated (12, 13) . The VMAT2 availability is relatively less affected by this compensatory regulation (11) (12) (13) . Therefore, PET radioligands that target VMAT2 have been proposed to be a better biomarker for quantification of the dopamine presynaptic neurons (12) (13) (14) . Several studies showed the suitability of 11 Cdihydrotetrabenazine ( 11 C-DTBZ) PET for objective quantification of nigrostriatal integrity (15, 16) . The mean striatal 11 C-DTBZ binding values in early, untreated PD patients were significantly decreased as compared with control subjects (16) . However, the short half-life of 11 C precluded its utility for large-scale survey.
18 F-9-fluoropropyl-(1)-dihydrotetrabenzazine ( 18 F-DTBZ), a novel VMAT2 ligand, has high affinity and specificity of binding to VMAT2 (17) . Animal studies conclude that 18 F-DTBZ is a sensitive and selective tracer for VMAT2 binding sites, and it may be useful for in vivo evaluation of diseases relating to changes of monoamine neuronal integrity (10, 18) . Our previous study showed that 18 F-DTBZ PET was safe, with appropriate biodistribution and radiation dosimetry for imaging VMAT2 sites in humans (19) . Therefore, we conducted this study to evaluate the capability of 18 F-DTBZ PET imaging in detecting the monoaminergic degeneration in early PD in vivo and to test the sensitivity and specificity of 18 F-DTBZ PET in differentiating early PD from normal aging.
MATERIALS AND METHODS

Subjects
The study protocol was approved by the Institutional Review Board of the Chang Gung Memorial Hospital and the Governmental Department of Health. Written informed consent was obtained before all procedures for each participant. Healthy controls (HCs) were recruited by advertisement in the community. Patients who fulfilled the U.K. Parkinson Disease Society Brain Bank Clinical Diagnostic Criteria were recruited from movement disorder clinics of Chang Gung Memorial Hospital. The PD patients should have unilateral symptoms (i.e., the modified Hoehn and Yahr stage [mHY] should be # 1.5). The duration of disease should be less than or equal to 5 y. Forty-seven subjects, including 30 PD patients aged 53.2 6 10.1 y (mean 6 SD; range, 30-71 y) and 17 HCs aged 56.8 6 4.0 y (range, 51-64 y), were enrolled. All subjects received neurologic examination and the assessment of Unified Parkinson Disease Rating Scale and mHY by 2 experts in movement disorders. The neurologic examination and PET scanning were performed at the drug-off state (subjects should not take any antiparkinsonian medication at least 12 h before the tests). To evaluate the severity of depression, anxiety, and cognitive impairment in PD patients, the Hamilton Depression Rating scale (HAM-D), Hamilton Anxiety Rating scale (HAM-A), Mini-Mental State Examination (MMSE), and Montreal Cognitive Assessment (MoCA) were assessed at the drug-on state.
Data Acquisition
18 F-DTBZ was prepared and synthesized at the cyclotron facility of Chang Gung Memorial Hospital as described previously (10, 19) . All subjects were studied in a Biograph mCT PET/CT System (Siemens Medical Solutions) with a 3-dimensional (3D) acquisition mode. All subjects underwent MR imaging for screening of other diseases, obtaining structural information, the purpose of generating volumes of interest (VOIs), and performing spatial normalization with PET images. Subjects were imaged on a 3T Siemens Magnetom TIM Trio scanner (Siemens Medical Solutions).
After injection of 386 6 11 MBq of 18 F-DTBZ, a single 10-min PET scan was acquired 90 min after injection in a 3D model (20) . PET images were then reconstructed using a 3D ordered-subset expectation maximization algorithm (4 iterations, 24 subsets; gaussian filter, 2 mm; zoom, 3) with CT-based attenuation correction and also scatter and random correction as provided by the manufacturer. The images were reconstructed with a matrix size of 400 · 400 · 148 and a voxel size of 0.68 · 0.68 · 1.5 mm.
Image Analysis
All image data were processed and analyzed using PMOD image analysis software (version 3.3; PMOD Technologies Ltd.). Each PET image was coregistered to the corresponding MR image, and the individual MR image was spatially normalized to the Montreal Neurologic Institute (MNI) MR imaging template (21) . The spatial normalization parameters were then applied to PET images to form a final, spatially normalized PET image in the MNI domain. VOIs were defined on the automated anatomic labeling brain template in the PMOD image analysis software with some modification (22) . VOIs for subregions were customized using a universal VOI template (21) . For all subjects, a binary gray matter mask was created by taking the nonzero pixels from an averaged gray matter probability map generated from the segmentation of the spatially normalized MR images. To reduce the partial-volume effect as much as possible, the automated anatomic labeling atlas was then multiplied by the averaged gray matter mask to generate a custom gray matter atlas for all subjects (23) . To explore the nigrostriatal degeneration (the motor part), VOIs of the bilateral caudate nuclei (Cau), anterior/posterior putamen (APu/PPu), and SN were selected for further analysis. To analyze the mesolimbic and serotonergic dysfunction (the nonmotor part), VOIs of the nucleus accumbens (NAc), raphe nucleus (RN), amygdala (AMG), hippocampus (HPC), and dorsolateral prefrontal cortex (DLPFC) were selected. The occipital cortex was applied as the reference region for computing binding ratio for each VOI. The standardized uptake value ratios (SUVRs) of targeted VOIs to reference region were determined for each subject, and the specific uptake ratio (SUR 5 SUVR -1.0) (24) in each VOI was finally calculated for further analysis. In the PD group, we defined the contralateral striatum as the striatum that was located opposite to the symptomatic limbs, and the contralateral striatum was evaluated separately from the ipsilateral striatum. According to our previous studies, the uptake of 18 F-DTBZ was symmetric in the healthy subjects (19, 20) . For further statistical analysis, the contralateral striatum was defined as the right striatum, and the ipsilateral striatum was defined as the left striatum in the control group. For an expression of the asymmetry of VMAT2 density in the PD group, we calculated the asymmetric index (ASI) as follows:
Voxelwise Analysis
Voxelwise analysis was performed by SPM5 (Wellcome Department of Cognitive Neurology, Institute of Neurology) in Matlab2010a (The MathWorks Inc.). In the PD patients, the ipsilateral striatum was flipped to the right side for future statistical parametric mapping (SPM) analysis. Spatially normalized SUR images of 18 F-DTBZ were smoothed using an isotropic gaussian kernel of 8 mm in full width at half maximum. The voxelwise 2-sample t test for group comparison between HC and each PD group was computed in 18 F-DTBZ SUR images. SPM t-maps were examined using a threshold of P less than 0.05 with false discovery rate correction and an extent threshold of 100 voxels.
Statistical Analysis
The regional SUR of the 18 F-DTBZ PET images and clinical data were statistically compared using the nonparametric Mann-Whitney test for group comparison between HCs and PD. The receiver-operativecharacteristic (ROC) curves (SPSS 17.0 software; SPSS Inc.) were generated to compare the diagnostic accuracy of each SUR in differentiating PD from HCs, based on the areas under the ROC curves. A P value of 0.05 was defined as the threshold of statistical significance in each test after multiple-comparison post hoc test correction was applied. Table 1 summarizes the demographic data. There was no difference between groups in the age at PET scan. The male-tofemale ratios were not equal in the PD and HC groups. However, the SURs of 18 F-DTBZ in male and female subjects were similar in both PD and HC groups (Supplemental Fig. 1 ; supplemental materials are available at http://jnm.snmjournals.org). Thirty patients had motor symptoms at the right limbs, whereas 17 presented with left parkinsonian symptoms. All patients were at the early stage of PD (the duration of disease was 0.5-5 y), with only mild and unilateral motor symptoms (the off-medication state mHY: stage 1, n 5 28; stage 1.5, n 5 2). The PD patients had no obvious dementia: the mean score of MMSE and MoCA was 29.0 6 1.2 (range, 26-30) and 27.3 6 1.9 (range, 24-30), respectively. The mean score of HAM-D and HAM-A was 4.1 6 4.3 (range, 1-17) and 4.3 6 1.3 (range, 0-16), respectively. Figure 1 shows the 18 F-DTBZ PET images in a PD patient (Fig.  1B) and an age-matched healthy subject (Fig. 1A) . The uptake of 18 F-DTBZ was symmetric and clearly visible in the SN, RN, NAc, AMG, and striatum in the healthy subject. In the PD patient, the VMAT2 density was obviously decreased in the bilateral caudate, putamen, contralateral SN, and NAc by visual assessment. The uptake of 18 F-DTBZ was asymmetric and gradually decreased by a rostral-to-caudal gradient, with more prominent reduction in contralateral PPu in the PD patient. Table 2 summarizes the regional SURs of 18 F-DTBZ in PD patients and HCs. The SURs of bilateral Cau, APu, PPu, SN, and NAc were significantly lower in the PD group than in the HC group (all P , 0.005). As compared with HCs, the SURs of RN, bilateral HPC, and AMG had no significant reduction in PD patients. The reduction of 18 F-DTBZ uptake was greatest in the contralateral PPu (281%), followed by ipsilateral PPu (267%), contralateral APu (259%), contralateral NAc (247%), and ipsilateral APu (245%). In HCs, the SURs had no difference between right and left hemispheres. The uptake of 18 F-DTBZ in all subregions was symmetric in HCs, whereas the decline of VMAT2 activity was obviously asymmetric in the PD group. The asymmetry of VMAT2 density was most pronounced in PPu, with the ASI of 253.9%, followed by APu (231.9%), NAc (219.7%), Cau (219.3%), and SN (218.2%), as shown in Figure 2 . Figure 3 shows the SURs of 18 F-DTBZ in the subregions in the PD and HC groups. The reduction of VMAT2 activity was greatest in the bilateral PPu. The SURs of the contralateral and ipsilateral PPu in PD patients could be clearly separated from HCs without any overlap between the 2 groups, as shown in Figure 3 . ROC curve analysis showed that the SURs of PPu and contralateral APu had a sensitivity of 100% and specificity of 100% in differentiating early PD from normal aging (Figs. 4A-C) . The area under the ROC curve for the regional SURs was highest in bilateral PPu and contralateral APu (1.00), followed by ipsilateral APu (0.98) and contralateral Cau (0.92), as shown in Figure 4D . As compared with the HC group, voxelwise analysis also showed that the uptake of 18 F-DTBZ was significantly decreased in the bilateral SN, NAc, and striatum. The VMAT2 density in the contralateral DLPFC was also significantly lower in the PD group than in the HCs (Fig. 5) . The spillover effect mainly from the smoothing preprocessing caused some decreased uptake signal in white matter and also in the surrounding areas of striatum.
RESULTS
DISSCUSSION
Accurate diagnosis in patients with parkinsonism as early as possible is critical for the management of PD, including the avoidance of unnecessary medical therapies and examinations, the reduction of costs and adverse effects, and the early intervention of neuromodulation therapies. To date, early diagnosis of PD is still an unmet need. The diagnosis of PD is based on the identification of clinical characteristics, such as the cardinal motor signs, asymmetric onset, favorable levodopa responsiveness, other motor features, and nonmotor symptoms (5). However, these clinical features are not specific to PD. The diagnostic accuracy in the early stage of disease is still unsatisfied using clinical diagnostic criteria. Although experts in the field of movement disorders can make more accurate diagnosis of PD with the sensitivity of 91% (24), the initial diagnostic accuracy of PD made by general neurologists was only 65%-76% (6,7). By modifying the criteria, the specificity of diagnosis was increased (93%), but the sensitivity was only 68% (7). Thus, an increase in positive predictive value was associated with a decrease in sensitivity. The time to reach the correct clinical diagnosis could be up to 18 y (6).
The pathologic hallmark of PD is the degeneration of monoaminergic system, particularly in dopaminergic neurons and axons of the nigrostriatal pathway. Therefore, PET and SPECT imaging with ligands targeting the dopaminergic system provides great help in the early diagnosis of PD (25) (26) (27) (28) . The current available PET and SPECT imaging for the evaluation of the function of dopamine terminals in vivo include 18 (25) . 18 F-DOPA PET has been used for many years for the evaluation of nigral dopaminergic neurons in PD and other parkinsonian disorders (25) (26) (27) . Nevertheless, the compensatory upregulation of AADC activity in the early stage of PD resulted in a lower sensitivity of 18 F-DOPA PET in detecting early nigrostriatal degeneration than those of DAT and VMAT2 imaging (12, 28) . SPECT imaging with ligands targeting DAT, the most widely used imaging technique, can discriminate PD patients from healthy individuals with high sensitivity and specificity (25, 29) . However, the DAT availability is downregulated in the early stage of the disease (12, 13) . The activity of DAT may be altered by chronic drug administration (28, 30) . The low resolution of SPECT imaging also limited the utility. Although the VMAT2 availability could be transiently affected by changes in vesicular dopamine concentration (31), VMAT2 binding is thought to be less affected by compensation than 18 F-DOPA and DAT binding (28, 30) . Furthermore, a quantitative autoradiography study in normal aged human brains showed that the density of VMAT2 was significantly higher than that of DAT in both striatal and extrastriatal regions (32) . Therefore, VMAT2 binding may provide a reliable estimate of monoaminergic nerve terminal density in humans. VMAT2 PET imaging can serve as a promising tool for the diagnosis of PD (13, 28) .
11 C-DTBZ PET had been proposed to be a good tool in distinguishing early, untreated PD from healthy subjects (16) . However, the short half-life of 11 C (20 min) greatly limited its utility. 18 F has a relatively long half-life (110 min) and improves the availability for imaging VMAT2 in clinical settings. A small study of 18 F-DTBZ PET in 17 mild to moderate PD patients and 6 healthy subjects showed that the binding potential of 18 F-DTBZ was significantly decreased in the striatum and midbrain in PD patients, compared with those of HCs (33) . In the current study, we found that the SURs of the bilateral PPu and contralateral APu had a sensitivity of 100% and specificity of 100% in differentiating PD in the early stage of disease (disease duration # 5 y) from normal aging. The result suggested that 18 F-DTBZ PET imaging was a promising tool for the differential diagnosis of PD and normal aging and perhaps for the differentiation of PD from other movement disorders without presynaptic dopaminergic depletion, such as essential tremor and DOPA-responsive dystonia.
The clinical lateralization (the side that symptoms starts is always the dominantly affected side through the whole course of disease) is a clinical hallmark of PD, whereas motor symptoms in other akinetic-rigid syndromes, such as multiple system atrophy and progressive supranuclear palsy, are relatively symmetric. We found that the SURs of 18 F-DTBZ showed obvious asymmetry in the striatum and SN that could represent the clinical lateralization in PD. The ASI might serve as a useful index in distinguishing PD from other parkinsonism (34, 35) .
The pathology of PD is characterized by apoptosis of dopaminergic neurons in the SN particularly affecting the ventral tier of pars compacta (A9 area), which axons project to dorsal striatum (nigrostriatal pathway) (36) . The mesolimbic system that axons project from the ventral tegmentum area (A10 area) via the NAc (ventral striatum) to the limbic system is relatively less involved. In the PD group, the decline of VMAT2 density was most severe in the PPu and APu and less affected in the NAc and caudate head as shown in Figure 1 and Table 2 . Our study suggested that in vivo 18 F-DTBZ PET imaging could represent the uneven pattern of dopaminergic loss (caudal . rostral, dorsal . ventral) in PD that was confirmed by pathologic studies (37) .
There is increased evidence suggesting that PD may start outside the SN (3, 36) . Several nonmotor symptoms, such as olfactory dysfunction, rapid eye movement sleep behavior disorder (RBD), constipation, and depression can precede the classic motor features of PD by years and even decades (38) . The period can be referred to as the premotor phase of the disease. During the premotor phase, the neurodegeneration has started, but motor signs permitting classical diagnosis are not documented. In the current study, the uptake of 18 F-DTBZ in ipsilateral (the asymptomatic side) striatum and SN were also significantly decreased. 18 F-DTBZ PET could detect dopaminergic degeneration before motor symptoms started. We suggested that 18 F-DTBZ PET might be applied to the premotor (preclinical) diagnosis of PD and to the screening of at-risk populations of PD. However, this point should be verified by further studies.
The main function of the nigrostriatal system is motor control. It is not surprising that the striatal 18 F-DTBZ binding could correlate with the motor disability of PD patients (16, 33) . Because all PD subjects recruited for this study were at the similar stage of disease, we could not find any correlation between regional SURs of 18 F-DTBZ and all motor scores, including rigidity, bradykinesia, and tremor subscores (unpresented data). Further longitudinal study is required to evaluate the capability of 18 F-DTBZ PET in monitoring the severity and progression of motor and nonmotor symptoms in PD.
Nonmotor symptoms, including cognitive impairment and affective disorders, are common features in PD and have been shown to be a major determinant of quality of life of PD patients and their caregivers (39, 40) . The mesolimbic pathway arises from the ventral tegmentum area and projects to the NAc and limbic system (AMG, HPC, inferior frontal cortex, and anterior cingulate gyrus). Dopamine depletion in PD could cause the dysfunction of the mesolimbic system and frontostriatal networks and subsequently involved the cognition, emotion, motivation, and behaviors (39, 41) . In PD with dementia, 18 F-DOPA uptake was significantly declined in the anterior cingulate areas, NAc, and right caudate nucleus, compared with those of PD without dementia (42) . The severity of depression, anxiety, and apathy was correlated with the activity of DAT in the limbic system (43). The DLPFC loop, which connected with the prefrontal area to the dorsal caudate and ventral anterior thalamus, mediates executive functions. Dopamine plays a particularly important role in the DLPFC. Impaired executive functions, apathy, and impulsivity that are common nonmotor symptoms in PD are hallmarks of DFPLC circuit dysfunction. In PD, serotonergic cells in the RN are also involved that may contribute to the development of depression (3). To measure the monoaminergic integrity in extrastriatal regions in vivo is important for the management of the nonmotor symptoms in PD. An in vitro autoradiography study in aged human brain showed that the density of theVMAT2 was much higher than that of DAT in extrastriatal regions (32) . It indicated that VMAT2 imaging was superior to DAT imaging for the detection of monoaminergic degeneration in the extrastriatal regions. Therefore, to evaluate the relationship between theVMAT2 activity in the limbic system and the severity of nonmotor symptoms (HAM-D, HAM-A, MMSE, and MoCA), we further analyzed the uptake of 18 F-DTBZ in the NAc, HPC, AMG, RN, and DFPLC. Because all recruited PD subjects did not have dementia or obvious affective disorders, we could not find any correlation between regional SURs of 18 F-DTBZ and nonmotor scores. However, the VMAT2 density in the bilateral NAc and the contralateral DLPFC was significantly decreased in PD patients as compared with HCs ( Table 2 , Fig. 5 ). These findings were compatible with the reports of other functional imaging studies that demonstrated a significantly functional disruption of frontostriatal circuits in early and nondementic PD (44, 45) . Our results suggested the usefulness of 18 F-DTBZ PET in measuring the distribution of VMAT2 density in the mesolimbic system. However, further inference could not be drawn from current findings. The utility of 18 F-DTBZ PET imaging in the nonmotor symptoms of PD should be carefully validated by further studies.
There are 2 major disadvantages of 18 F-DTBZ PET imaging. First, like other PET examinations, is the need of a cyclotron to produce radioligands. This requirement will increase the cost and limit the utility of the clinical practice. Second, as mentioned before, the VMAT2 availability could be transiently altered by exogenous dopamine (levodopa treatment) in the advanced stage of PD (31) . Although the effects of levodopa or dopamine agonist therapy in VMAT2 availability is not clear in the early stage of PD, all PET images were scanned at the medication-off state in this study. Nevertheless, the need of medication withdrawn may increase the suffering of patients and the complications. This issue of pharmacologic effects and test-retest reliability should be further studied.
CONCLUSION
Our study suggested that 18 F-DTBZ PET was an excellent tool in differentiating PD from normal aging in the early stage of disease. The notable decline of 18 F-DTBZ uptake in the ipsilateral striatum suggested that 18 F-DTBZ PET might serve as an in vivo biomarker to detect the monoaminergic degeneration in the premotor phase of PD.
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